Many plant secondary metabolites show strong biological activities and are potentially also toxic to plants, while plants producing such active compounds are usually insensitive to their own metabolites, suggesting that they have species-specific detoxification mechanisms. In order to clarify the detoxification mechanism of alkaloids, we used cultured cells of Coptis japonica, which are capable of producing a yellow benzylisoquinoline alkaloid, berberine, and accumulate it in the vacuole. Unlike other plant cells that do not produce berberine, C. japonica shows strong tolerance to this alkaloid. We established a fission yeast strain that was sensitive to berberine and performed functional screening using a C. japonica cDNA library. One cDNA clone, which conferred clear berberine tolerance, encoded galactinol synthase (CjGolS). The possible role of CjGolS in berberine tolerance is discussed.
Plants produce a large variety of secondary metabolites, which have diverse chemical structures and biological activities. Secondary metabolite play important roles in plants as endogenous chemical barriers protecting plants against pathogens or herbivores due to their strong antimicrobial activities or cytotoxicity. Some secondary metabolite are also used as medicines for humans. For instance, vincristine, from Catharanthus roseus, is prescribed as an anticancer drug and inhibits microtubule formation. Another example, berberine, a yellow benzylisoquinoline alkaloid, inhibits DNA and protein synthesis, 1) and is widely used as an antibacterial and antimalaria drug in many countries. 2, 3) These secondary metabolites are potentially toxic to plants, but the plants producing these active compounds appear to be insensitive to their own metabolites, 4) suggesting that they have a species-specific detoxification mechanism. However, understanding of the detailed mechanisms of detoxification in plants is very limited. In order to clarify the detoxification mechanism for secondary metabolites in plants, we have been using berberine as a model compound, which is one of the most widely occurring alkaloids in the plant kingdom, and was the first alkaloid to have its biosynthesis fully described at the enzyme level. 5) Berberine was also chosen as a model because a cell culture system producing it in high amounts has been established with Coptis japonica (Ranunculaceae), and subcellular accumulation has been demonstrated: i.e., it is exclusively localized to the vacuole. Cultured cells of C. japonica show strong berberine tolerance, whereas berberine is highly toxic to plants that do not produce it. 4, 6) Hence, this culture system provides a resource appropriate for the identification and characterization of genes that contribute to tolerance to endogenous alkaloids.
Among various screening methods, functional screening is effective in identifying genes responsible for tolerance to toxic compounds. For example, AtDTX1, an Arabidopsis multidrug and toxic compound extrusion (MATE) protein, was isolated using a drug sensitive Escherichia coli mutant as the host bacteria. 7) Shitan and coworkers have identified C. japonica Bowman-Birk proteinase inhibitor, CjBBI, which contributes to heavymetal and multiple drug resistance, by functional screening in searching for a drug-sensitive phenotype with a yeast mutant as the host. 8) In this study, we prepared a berberine-sensitive fission yeast strain by disrupting two ATP-binding cassette (ABC) transporters, and performed functional screening. The fission yeast was transformed with a C. japonica cDNA library designed for expression in this host organism, and transformants were screened on berberine-containing plates. This allowed us to identify one y To whom correspondence should be addressed. Fax: +81-774-38-3623; E-mail: yazaki@rish.kyoto-u.ac.jp Abbreviations: ABC, ATP-binding cassette; GolS, galactinol synthase; RFO, raffinose family oligosaccharides C. japonica cDNA clone that confers distinct berberine tolerance on fission yeast. This gene encoded galactinol synthase (GolS). The possible mechanism of this gene product in berberine tolerance is discussed below.
Materials and Methods
Plant materials, yeast strains, and media. A high berberine-producing cultured cell line of C. japonica 156-S, originally induced from rootlets of C. japonica Makino var. dissecta (Yamabe) Nakai and transformed with scoulerine 9-O-methyltransferase, was maintained as described previously. 9, 10) A CjY line showing lower berberine productivity than 156-S was subcultured without selection.
11) Eleven Schizosaccharomyces pombe strains, in which each of 11 ABC transporter genes was disrupted individually (bfr1Á, pdr1Á, abc1Á, abc2Á, abc3Á, abc4Á, mam1Á, pmdÁ, atm1Á, hmtÁ, and mdl1Á), and a double mutant strain (abc2Á abc4Á) were described in a recent report. 12) Standard rich medium (YES), minimal medium (EMM), and YE medium were used to grow S. pombe cells.
13)
Berberine sensitivity of yeast disruptants. The S. pombe strains mentioned above were cultured in YES, followed by dilution to the same density of A 600 = 0.5, and 10-fold serial dilutions were made. Aliquots (5 ml) of each dilution were spotted onto YE plates containing 25 mM and 50 mM berberine, and cells were grown for 3 d at 30
C.
Construction of C. japonica cDNA library. Total RNA was prepared from 26-d-old cultured C. japonica cell line 156-S, and poly(A) RNA was isolated from total RNA using Oligotex(dT)30-Super (Takara, Otsu, Japan). A cDNA library was constructed using a cDNA synthesis kit (Stratagene, CA, USA). The cDNA fragments were then ligated via SalI-NotI restriction sites into a modified pREP1 vector, in which the restriction NdeI site was disrupted and the SalI-NotI restriction sites of the pBlueScript II multiple cloning site were ligated into the SmaI restriction site. The titer of the library was 3:8 Â 10 4 cfu/ml.
Screening of C. japonica cDNA clones contributing to berberine tolerance. The cDNA library constructed above was introduced into a S. pombe strain harboring two disrupted ABC transporter genes (abc2Á abc4Á). An empty vector was also introduced as a control. The transformants were spread out on EMM plates supplemented with adenine. Colonies were replicated on YE plates containing 300 mM berberine, and grown for 7 d at 25 C. Colonies that grew on the berberine plates were picked and cultured overnight in liquid EMM with adenine. Then the cell density was diluted to A 600 = 0.5, and aliquots (5 ml) were spotted onto YE plates containing 0-125 mM berberine to re-evaluate alkaloid tolerance. Plasmids from the surviving yeast colonies were rescued and re-introduced into the yeast. The yeast cultures were adjusted to A 600 = 0.5, 10-fold serial dilutions were made, and aliquots (5 ml) were spotted onto YE plates containing 0-125 mM berberine for the final tolerance test.
Berberine content in yeast transformants. To quantify the berberine content in cells, cultured fission yeast was harvested at maximum stationary phase and inoculated into 50 ml of YE medium containing 25 mM or 50 mM berberine with a cell density of 0.2 at A 600 . The cells were incubated at 30 C with shaking at 200 rpm for 15 h, and harvested by centrifugation, washed twice with deionized water, and then disrupted with acid-washed glass beads in 0.01 N HCl. The samples were centrifuged and the supernatant was subjected to analysis by high-performance liquid chromatography (HPLC): mobile phase, 50 mM tartaric acid solution containing 10 mM SDS-acetonitrile-methanol (100:130:25); column, TSK-GEL ODS-80TM (Tosoh, Tokyo, Japan, 4:6 Â 250 mm); temperature, 40 C; flow rate, 0.8 ml/min; detection, absorbance measured at 342 nm.
Semi-quantitative RT-PCR analysis. Total RNA was isolated from intact plants or cultured C. japonica cell lines using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Total RNA samples (5 mg) were utilized in first-strand cDNA synthesis performed using Superscript reverse transcriptase (Invitrogen, CA, USA). Semiquantitative RT-PCR was performed with Go Taq DNA polymerase (Promega, WI, USA). The cycle number was chosen after a preliminary experiment. Actin and rRNA were used as the control. The primer pairs were CjGolS Fw-primer, CCTGCAGTTTCCTA-CGTTC and Rv-primer, ACAACAAGAAGCGGGTG-TTT; rRNA Fw-primer, TTAACAGCCTGCCCACCCT and Rv-primer, ATCCATTTTGCCGACTTCC; actin Fw-primer, GTCACACCGTCCCCATTTAC and Rvprimer, CACGATACCACTTTGACATTCC.
Statistical analysis. The difference in the berberine accumulation levels of control and CjGolS-expressing yeast cells was analyzed by Student's t-test, with p < 0:05 accepted as a statistically significant difference.
Accession number. The DDBJ accession number for CjGolS is AB353350.
Results
Establishment of a screening system in Schizosaccharomyces pombe
We designed a yeast functional cloning system with a C. japonica cDNA library to identify genes that contribute to berberine tolerance. First we tried Saccharomyces cerevisiae (budding yeast) as the host organism for screening, but the attempt failed because S. cerevisiae showed fairly high tolerance to berberine (data not shown). Then we chose Schizosaccharomyces pombe (fission yeast) as the screening host, and it was more sensitive to berberine than S. cerevisiae. Moreover, in a recent study, systematic gene disruption of each of 11 ABC transporters in S. pombe was reported, and their sensitivity to various drugs and heavy metals, such as cerulenin and cadmium, was demonstrated. 12) To establish an appropriate host strain for screening of the berberine tolerance gene, first we investigated the berberine sensitivity of these S. pombe strains. We found three strains, atm1Á, abc2Á, and abc4Á, that showed clear sensitivity to berberine as compared to the wild type (Fig. 1A) . The atm1Á strain showed the highest berberine sensitivity, but cell growth appeared to be slow even on YE medium, suggesting that this mutant is unsuitable as a host because disruption of this gene might significantly compromise cell growth. In contrast, the growth of strains abc2Á and abc4Á was not influenced visibly by the gene disruptions, and their growth was clearly inhibited in the presence of berberine, showing a clear difference from the wild type. Moreover, the double deletion mutant of abc2Á and abc4Á showed further higher berberine sensitivity than either single gene disruptant (Fig. 1B) . Hence, we selected the abc2Á abc4Á double mutant as the host strain for the screening study. To screen for alkaloid tolerance genes in this S. pombe mutant, we constructed a new cDNA library with an expression vector for this host. In brief, the plasmid vector pREP1 for strong constitutive expression was modified to introduce unique SalI-NotI restriction sites, into which C. japonica cDNAs were directionally ligated.
Isolation of berberine tolerance genes from the C. japonica cDNA library
The C. japonica plasmid library, constructed with the modified shuttle vector pREP1, was introduced into strain abc2Á abc4Á, and screening for berberinetolerance genes was performed with berberine-containing plates at a concentration toxic to the double mutant. Colonies that grew on 300 mM berberine-containing plates were chosen and preincubated in EMM again and then spotted onto YE plates to which several concentrations of berberine were added, and berberine tolerance was re-evaluated. Screening of approximately 200,000 fission yeast transformants allowed us to isolate 10 cDNA clones showing tolerance to berberine. For further confirmation, the plasmids were re-introduced The wild type and 11 mutant strains of S. pombe were spotted on berberine-containing medium. Each S. pombe strain was preincubated, diluted to the same density (A 600 = 0.5), and prepared by 10-fold serial dilutions. An aliquot (5 ml) of the cell suspension dilutions was spotted onto YE containing 25 mM or 50 mM berberine. Growth was monitored after 3 d at 30
C. Gene disruption was described elsewhere. 12) into the same host strain, with which serial dilution spot tests were done on berberine-containing plates. As results, only one clone showed distinct berberine tolerance, as shown in Fig. 2 . This cDNA encoded a putative polypeptide composed of 336 amino acids that shared strong similarity with members of the galactinol synthase (GolS) family. Hence, we designated this gene CjGolS, and analyzed it further in detail.
Characterization of CjGolS
GolS is known to catalyze the first committed biosynthetic step for raffinose family oligosaccharides (RFO). GolS utilizes UDP-galactose and myo-inositol as substrates to form galactinol, and this enzymatic reaction step reportedly plays a key regulatory role in the carbon flux branching between sucrose and RFO. 14) A BLAST search showed that CjGolS shares a high degree of amino acid sequence similarity (66-81%) with other GolS polypeptides identified in a wide variety of plant species. The GolS peptide contains a characteristic carboxyl terminal pentapeptide, APSAA, 15) and a putative manganese-binding motif, DXD, which is conserved in most galactosyl transferases, is also present in CjGolS (Fig. 3A) . [16] [17] [18] Phylogenetic analysis indicated that the sequence most similar to CjGolS is GolS-1 of Ajuga reptans (Fig. 3B) . 15) To determine the reason for the berberine tolerance conferred by CjGolS, the berberine content in CjGolSexpressing yeast cells was measured by HPLC. The cellular levels of berberine in CjGolS-expressing yeast grown in 25 mM or 50 mM berberine-containing medium were not significantly different from the berberine levels in the control cells (Fig. 4) . This finding suggests that heterologous expression of GolS does not prevent cellular accumulation of this toxic alkaloid by forming a chemical barrier or regulating an endogenous efflux carrier.
The expression levels of CjGolS in various organs of intact plant and cultured cell lines of C. japonica were analyzed by semi-quantitative RT-PCR analysis. The CjGolS gene was expressed in all parts of the plant, preferentially in the aerial parts, petioles, and leaves (Fig. 5A) , where berberine was not produced or highly accumulated.
19) (The stem, main root, and lateral root mentioned in this reference should be referred to as petiole, rhizome, and root respectively.) Whereas, the steady-state level of CjGolS expression was higher in 156-S, which produces about 3-fold higher amounts of berberine as compared to CjY, a low berberine-producing line (Fig. 5B) .
Discussion
GolS is a key enzyme in the RFO biosynthetic pathway. This protein functions as galactosyl transferase, which catalyzes the key regulatory reaction utilizing UDP-galactose and myo-inositol as substrates to form galactinol and UDP. Galactinol is the galactosyl donor in the synthesis of raffinose and stachyose. GolS genes have often been identified as stress responsive genes in many plant species. In tomato (Lycopersicon esculentum) seeds, for instance, the expression of a GolS gene was induced by cold and desiccation. 20) Sprenger and Keller also identified two GolS genes that were upregulated by cold stress in Ajuga reptans. 15) In Arabidopsis, seven GolS genes were identified in the genome, and complicated induction patterns were reported. AtGolS1 was inducible by drought, salinity, 21) and heat stress, 22) AtGolS2 was induced only by drought and salinity stress, and AtGolS3 induction was observed solely after cold stress. 21) Overexpression of AtGolS2 showed an increase in galactinol and raffinose levels in A, The deduced amino acid sequence of CjGolS was aligned with those of Arabidopsis thaliana (AtGolS1,2; AC002337, C009323), Ajuga reptans (ArGolS-1,2; ARE237693, ARE237694), Oryza sativa (OsGolS; D26537), Brassica napus (BnGolS; AF106954), Glycine max (GmGolS; AY126715), Cucumus melo (CmGAS1,2; AY077642, AY077641), and Cucumus sativus (CsGolS; AY237112) using the CLUSTAL W program. The hypothetical manganese-binding motif, DXD, is underlined, and the asterisk beneath the sequences indicates the conserved serine phosphorylation site. B, A phylogenetic tree of plant GolS amino-acid sequences aligned in A.
leaves, and exhibited improved drought tolerance, 21) although the tolerance mechanism in drought stress is still unclear. In this study, we found for the first time that GolS is also involved in tolerance to a chemical stress (Fig. 2) .
To analyze CjGolS function in berberine tolerance, we measured the berberine content in yeast cells treated with this toxic alkaloid. Contrary to our expectations, the berberine content of CjGolS-expressing yeast cells was not altered as compared to that of control cells (empty vector transformant) (Fig. 4) . The molecular mechanism by which CjGolS detoxifies berberine remains to be determined, but one possible explanation is the direct protection of target molecules from berberine toxicity. Berberine is known to act on DNA and proteins to suppress duplication and synthesis, respectively. Several saccharides are used as additives to enzyme reaction buffers to protect enzymatic activity by stabilizing the proteins. It is thought that the mechanism involves a reduction of the surface tension of water by inhibiting hydrogen bond formation. It is possible that galactinol is involved in the protection of proteins in the presence of berberine. Since raffinose synthase is not found in the S. pombe genome, the effect is probably not via RFO, but more directly via galactinol. We also investigated the tolerance of CjGolS-expressing yeast to heat and salinity stresses, but no difference was found as compared to the control (data not shown), suggesting that the tolerance given by CjGolS is berberine-specific, at least in yeast.
Semi-quantitative RT-PCR analysis of various organs of intact plants and cultured cell lines showed that the CjGolS gene was expressed in all organs, and especially highly in the aerial parts. This may be because the aerial parts are exposed to various stresses, such as oxidative and cold stress, and hence, the CjGolS gene is constitutively expressed at a high level. On the other hand, the CjGolS expression level was higher in high berberine-producing cells (156-S) than in the low producing line (CjY), 23) suggesting that CjGolS is also involved in the berberine tolerance of C. japonica cells. We also evaluated the stress-inducibility of CjGolS in cultured cells, where the expression of CjGolS was induced strongly among several stress treatments only by salinity stress (data not shown).
In the process of establishing a screening system with S. pombe as a host strain, we first identified two ABC transporter genes, abc2 þ and abc4 þ , which are responsible for berberine tolerance in fission yeast. The doubledeletion mutant (abc2Á abc4Á) was more sensitive to this toxic alkaloid (Fig. 1) . As the subcellular localization of these ABC transporters is vacuole in both cases, and they are known to be involved in the detoxification of xenobiotics via vacuolar sequestration of glutathione S-conjugates, berberine is also assumed to accumulate in the vacuoles of wild-type fission yeast in a manner similar to C. japonica.
12) The disruption of these ABC genes caused berberine accumulation in the cytosol, in which berberine exhibited its cytotoxicity. From the screen using this mutant line two potential outcomes were envisaged, a plant ABC gene to complement the phenotype might be isolated or other genes involved in berberine detoxification in the cytosol could also be cloned. CjGolS isolated in this study represents the latter. In contrast to S. pombe, berberine appears to be extruded by Saccharomyces cerevisiae when berberine is added to the culture medium of S. cerevisiae. These observations suggest that budding yeast and fission yeast have different berberine detoxification 
mechanisms.
It is noteworthy that fission yeast can synthesize glycoproteins containing a large number of galactose residues, 24) because this yeast has an exceptional ability to synthesize UDP-galactose in large amounts. 25) UDPgalactose is the substrate of GolS, which is rarely available in many unicellular host organisms frequently used in molecular biology. The identification of the CjGolS cDNA as an alkaloid tolerance gene in our screening was largely owing to the utilization of this particular organism as the host, in which UDP-galactose is supplied in vivo.
Thus far, vacuolar compartmentation has been proposed to be the major contributor to berberine detoxification in C. japonica cells. In C. japonica cells, two berberine transport mechanisms have been characterized; CjMDR1, a multidrug-resistance protein-type ABC transporter, which localizes to the plasma membrane and is involved in berberine influx, 26) and a proton-coupled antiport in the tonoplast membrane sequestering berberine inside the vacuole. 27 ) Therefore, the berberine molecule is taken up by the cells at the plasma membrane and then sequestered in the vacuolar lumen, but during the process this toxic alkaloid may come into contact with cytosolic proteins or nucleotides. Hence, it is reasonable that a tolerance mechanism exists in the cytosol, which is involved in the protection of proteins and nucleotides from berberine toxicity.
